Abstract. We present results of numerical simulations indicating a complex laser driven electron dynamics inside simple molecular systems on the attosecond time scale. This attosecond electron dynamics influences the instant of ionization of the molecule and the final electron momentum distributions.
Introduction
The emission of an electron from an atom or molecule is presumably one of the simplest but most central processes in physics and chemistry. It is the doorway step to many other strong-field processes, such as high harmonic and attosecond pulse generation, molecular dissociation, ultrafast molecular imaging, electron diffraction, angular streaking, etc. Widely used ionization pictures are based on the quasistatic approximation for the laser field. In tunnel ionization, the combined potential of the Coulomb attraction of the atomic or molecular core and the laser electric field form a barrier through which the electron can escape. Some molecules, such as the hydrogen molecular ion, show more complex ionization mechanisms. Because of a strong coupling between two quasidegenerate states (so-called charge-resonant states) in H + 2 at intermediate internuclear distances, the energy level at one of the protons is lifted, while it is decreased at the other by the laser electric field. At high field strengths, the upper state lies above the internal Coulomb barrier and the electron is ionized efficiently (called enhanced ionization [1, 2] ). All these quasistatic ionization pictures have in common that the ionization probability is expected to be largest whenever the external field is strongest.
Sub-cycle ionization dynamics
Our recent results of numerical solutions of the time-dependent Schrödinger equation capturing the interaction of the hydrogen molecular ion with an intense linearly polarized laser pulse however do not agree with the expectation of the quasistatic picture [3] . As shown in Figure 1(b) , over one half cycle of the oscillation of the laser electric field the ionization rate of the hydrogen molecular ion can have two maxima but a minimum near the peak of the field. This unexpected multiple ionization burst phenomenon in case of the hydrogen molecular ion becomes specifically apparent when compared to results of a quasistatic ionization theory for the hydrogen atom, which exhibit the expected maxima in ionization at every maximum of the field (Figure 1(a) ). Indeed, further theoretical analysis showed that even more than two ionization bursts can occur within a half cycle of the oscillation of the field depending on the parameters of the linearly polarized field [5] .
A related unexpected ionization dynamics was observed for the interaction of the hydrogen molecular ion with a circularly polarized laser pulse. The experimentally observed photoelectron momentum distribution was tilted in the same direction as the rotation of the laser electric field and peaked at lower Ionization rates (solid blue curves) of (a) the hydrogen atom and (b) the hydrogen molecular ion as a function of time over one cycle of a laser pulse [3] . The molecular ionization rates, as obtained by numerical solution of the corresponding time-dependent Schrödinger equation, are accumulated over internuclear separations between 6.75 a.u. and 7.25 a.u. The electric field of the laser pulse is represented by the dashed red curves and the field parameters were wavelength: 800 nm, peak intensity: 6 × 10 13 W/cm 2 and pulse duration: 26.69 fs.
momenta than expected [4] . Results of our ab-initio numerical simulations reproduced the tilted peak as the main contribution in the calculated electron momentum distribution. The theoretical analysis revealed that the electron wave packet was released 356 as after the laser electric field was aligned along the internuclear axis and with an initial velocity having a component opposite to the acceleration by the field [4] .
Transient electron localization on the attosecond time scale
The unexpected ionization dynamics in the hydrogen molecular ion is closely related to a transient electron localization at one of the protons on the attosecond time scale [6] . The intramolecular electron transfer between the protons is gated at specific electron momenta [7] , which results in an intensitydependent electron localization in the dissociating hydrogen molecular ion [6] and the multiple ionization bursts [3, 5, 8] .
We gained further complementary insight into the multiple ionization burst phenomenon by analyzing the electron dynamics in a model consisting of the two charge resonant states (1sσ g and 2pσ u in the case of hydrogen molecular ion), which is valid when these two states are coupled much more strongly with each other than with the other states in the molecule [5] . Analyzing the general solution of the time-dependent Schrödinger equation of the model in terms of the two Floquet states expressed in form of a series expansion, the time instants t loc for localization of the electron distribution at one of the protons is given by [3, 5] (Hartree atomic units are used):
where A is the time-dependent vector potential of the laser field, χ is the mixing angle of the two Floquet states and d gu the dipole transition matrix element. For large d gu and large A, the condition can be fulfilled for more than one value of t loc in a half cycle of the oscillation of the electric field which results in a bunching of the electron localization and the corresponding multiple ionization bursts. Although the theoretical analysis has been performed and Eq. (1) has been confirmed for the specific case of the hydrogen molecular ion [5] , we expect that the general features of the electron dynamics found for H At this configuration there exists a pair of quasidegenerate charge resonant states, in which the electron is predominantly localized at the outer two of the three protons. The numerical results in Figure 2 show that at low intensities (small vector potential A) the electron distribution is driven adiabatically between the two protons. At higher intensities we observe a change to a nonadiabatic dynamics near the center of the laser pulse (i.e., for large values of the vector potential A) in qualitative agreement with the predictions based on Eq. (1). Interestingly, we also observe a decrease in the amplitude of the oscillation of the electron distribution at higher intensities as well.
